In this study, ultra-precision machining using a polycrystalline diamond (PCD) micro end mill was carried out on high-purity silicon carbide. The machined surface was observed using scanning electron microscopy, and the three-dimensional surface profile and surface roughness were measured using scanning interferometry. In addition, an elemental analysis of PCD tool surface was performed using energy dispersive X-ray spectrometry (EDX). It was found that a smooth surface with nanometer-scale roughness was obtained when the undeformed chip thickness was small enough to achieve ductile mode machining. However, nanometer-sized chips produced during machining adhered to the PCD tool surface, and were difficult to be removed using conventional methods such as ultrasonic cleaning. An EDX analysis showed that the adhered material was silicon dioxide. In order to remove it, a tool surface reconditioning technique was developed, based on electrolytic treatment using sodium hydroxide and the generation of hydroxide ions. The results indicated that this was effective at removing the adhered material, and led to a recovery of the performance of the PCD tool.
Introduction
Silicon carbide (SiC) molds are used for manufacturing glass products such as aspherical lenses and micro total analysis systems ( TAS) because of its high wear resistance and thermal stability. On the other hand, SiC is known to be a difficult-to-machine material due to its hardness and brittleness, and there are increasing demands for a machining method that can produce the required surface quality and geometric accuracy [1] . Generally, hard brittle materials such as SiC are machined by grinding and polishing in order to achieve a high-quality surface [2, 3] . However, these methods have limitations when attempting to create fine complex structures. Turning is another machining approach that has been applied to SiC [4] . However, although this method is suitable for creating rotationally symmetric structures such as lens molds, it is difficult to produce asymmetric structures such as microchannels. Micro-milling has been shown to be an effective technique for fabricating three-dimensional structures in hard brittle materials, especially when a polycrystalline diamond (PCD) tool is used [5] [6] [7] . However, one problem concerns the adhesion to the PCD tool surface of nanometer-sized chips generated during the machining process [8, 9] . It is therefore important to develop an effective method for removal of such adhered material.
In this study, ultra-precision machining using a PCD end mill was carried out on high-purity SiC. Moreover, a tool reconditioning technique was developed to effectively remove material adhered to the PCD tool surface, and the underlying mechanism was investigated.
Experimental Procedure
The machine tool used in this study was a linear-motordrive ultra-precision machine with an air turbine spindle, three linear axes (X, Y, Z), and two angular axes (A, C), which rotate on X and Z axis, respectively. The positioning resolution of this machine is 1 nm.
The workpiece material was high-purity bulk SiC produced by chemical vapor deposition (CVD). The properties of this material are shown in Table 1 . It exhibits higher purity and homogeneity than conventional sintered SiC. The dimensions of the workpiece were 10 mm x 10 mm x 5 mm.
Micro-milling was performed using a PCD end mill, as shown in Fig. 1 , with a diameter of 1 mm and six flutes. The experimental setup is shown in Fig. 2 , and the milling conditions are listed in Table 2 .
The machined surface was observed using scanning electron microscopy (SEM). In addition, 3D surface profiles were obtained using scanning interferometry, and average surface roughness Ra and maximum height roughness Rz were determined within an area of 144 m x 108 m. After machining, PCD tool surfaces were also observed using SEM and an elemental analysis was performed using energy dispersive X-ray spectrometry (EDX). Table 1 Properties of high-purity SiC Figure 3 shows SEM images of the workpiece surface before and after milling. Before milling (Fig. 3(a) ), the surface roughness values Ra and Rz were about 0.3 m and 3.6 m, respectively. After milling at an undeformed chip thickness of 100 nm, no defects were observed in the SEM image ( Fig. 3(b) ). Figure 4 shows a 3D profile of the machined surface. A cutter mark, which is attributed to plastic flow, can be seen, indicating that ductile mode machining was achieved [10] . The Ra and Rz values were determined to be 2.0 nm and 14.2 nm, respectively, indicating that nanoscale roughness was achieved at the beginning of the milling process when the undeformed chip thickness was small enough to machine in ductile mode. These surface roughness values are comparable to those obtained following grinding and polishing of CVDgrown SiC [11] .
Results and discussions

Effect of milling on SiC surface
However, as shown in Fig. 5 , the surface roughness increased with cutting distance, and for a cumulative cutting distance of about 1000 mm, the Ra value was over 10 nm. Young's modulus GPa 
Effect of milling on PCD tool surface
To determine the reason for the increase in surface roughness with cutting distance, the surface of the PCD tool was investigated. Figure 6 shows SEM images of the tool after milling. It is seen to be covered by a layer of adhered material with a thickness of approximately 10 m. Figure 7 shows SEM images of PCD tool edge before and after milling. From these images, it can be concluded that nanometer-sized chips generated during the machining process accumulated on the cutting edge, thereby leading to a decrease in performance. Figure 8 shows the results of an EDX analysis carried out at Points A and B in Fig. 7 . Before milling (Point A), only carbon and cobalt were detected, the former from the diamond abrasives and the latter from the binder material. However, after milling (Point B), silicon and oxygen were also detected. The adhered material can therefore be assumed to be silicon dioxide (SiO 2 ), formed by the reaction: 2SiC + 3O 2 → 2SiO 2 + 2CO.
(
Fox reported that CVD-SiC became oxidized at 1200°C [12] . Moreover, based on molecular dynamics simulations of single-point diamond turning of SiC, Goel et. al. determined that the chip temperature could rise to about 1200 C [13] . Thus, in the present study, it is considered that during machining, the temperature became sufficiently high for the SiC to be oxidized to form SiO 2 .
Reconditioning of PCD tool surface using electrolytic technique
Generally, removal of material adhered to a tool surface is carried out by brushing or by ultrasonic cleaning in an acetone solution. However, in the case of a micro-tool, it is difficult to fully remove it using the above physical approaches. Therefore, in the present study, a chemical etching process was applied.
This was carried out using sodium hydroxide (NaOH) solution, which is an anisotropic etchant for silicon. However, the SiO 2 etching rate using a NaOH solution is very low [14] , and amethod such as heating, vibration or electrolytic assistance is required in order to accelerate the chemical reaction. Due to its simplicity, an electrolytic treatment was used in this study. The electrolytic vessel is shown in Fig. 9 , in which a carbon brush and a copper plate were used as the anode and cathode, respectively. The cover of the vessel was an acrylic plate so that the solution level could be seen. As shown in Fig.  9(c) , reconditioning of the tool could be performed without removing it from the milling machine.
The following reconditioning procedure was used. NaOH solution was poured into the vessel until the PCD tool tip was immersed. The anode was connected to the tool shank, the cathode was immersed in NaOH solution, and a direct current was applied. This caused a positive voltage to be applied to the PCD tool tip because, although the diamond is an insulator, the Co binder conducts electricity. The electrolytic treatment test conditions are shown in Table 3 . Figure 10 shows SEM images of the same PCD tool edge shown in Fig. 7(b) , after 30, 60, 90 and 120 s of electrolytic treatment. It can be seen that the adhered material is gradually removed with increasing treatment time, and has almost fully disappeared after 120 s. Figure 11 shows an EDX spectrum from Point C in Fig. 10(d) . Although some Si is still present, the amount is quite small compared to that shown in Fig. 8 . Therefore, the majority of the SiO 2 was removed. The O peak is due to both residual SiO 2 and Co oxide formed during the electrolytic treatment.
Since electrochemical reactions are influenced by a number of different factors, further experiments are required to optimize conditions such as the electrolyzing time, electrical conductivity, pH value, and chemical components of the solution. Table 3 Electrolytic treatment test conditions 
Mechanism of SiO 2 removal
In this section, the removal mechanism for the adhered SiO 2 is considered. Figure 12 shows schematic illustrations of the SiO 2 removal process. These represent cross-sectional views of the PCD tool edge, and are inverted with respect to the SEM images in Fig. 10 .
As shown in Fig. 12(a) , when a new PCD tool is used for SiC milling, SiO 2 builds up on the tool surface due to oxidation of SiC (Fig. 12(b) ). When this tool is immersed in a NaOH solution and a voltage is applied, a large amount of hydroxide ions are generated due to water electrolysis. These ions drift to the positive PCD tool (Fig. 12(c) ). As shown in Fig. 12(d) , the SiO 2 reacts with NaOH and forms sodium metasilicate (Na 2 SiO 3 ):
Na 2 SiO 3 is known as liquid glass and is highly soluble in water, forming a hydrate (Fig. 12(e) ) by the reaction:
By this process, the SiO 2 is effectively removed, leaving a thin Co oxide layer on the tool surface due to oxidation of the binder (Fig. 12(f) ).
In order to investigate the performance of the reconditioned tool, high-purity SiC milling was again performed. Table 4 shows the measured surface roughness using a new tool, using the same tool after a cutting distance of 1000 mm, and using the reconditioned tool. It can be seen that the reconditioned tool yields roughness values that are comparable to those for a new tool, thus validating the effectiveness of the proposed method. 
Conclusion
In this study, micro-milling using a PCD end mill was conducted on high-purity CVD-SiC. It was found that the tool performance decreased with increasing cutting distance due to a buildup of foreign material on the tool surface. An electrolytic technique was developed for reconditioning the tool, and the mechanism involved in the removal of the adhered material was determined. The following results were obtained.
• Although machining high-purity SiC using a PCD end mill could produce smooth surfaces with nanometer-scale roughness, the roughness gradually increased with cutting distance.
• During the machining process, nanometer-sized chips became adhered to the PCD tool surface. From the results of an EDX analysis, this material was assumed to be SiO 2 .
• The adhered SiO 2 was effectively removed using a newly developed electrolytic reconditioning technique, involving a chemical reaction between SiO 2 and NaOH.
• The performance of the reconditioned PCD tool was comparable to that of a new tool.
